Introduction 29
Spatial organization is an essential component of a viral infection process. Eukaryotic 30 viruses replicate within highly organized host cells that compartmentalize their vast cellular 31 proteomes within organelles. Each organelle performs a specialized set of functions that arise 32 from its distinct morphology, composition, and dynamics, which are intimately linked to the 33 local balance of protein, lipid, and inorganic ion content. Regulating organelle function by 34 modulating the abundance and structure of these components is crucial for cellular homeostasis. 35
Viruses may simply take advantage of the specialized functions organelles offer or, like intrinsic 36 host organelle regulation, repurpose organelles by modifying their composition. Regardless, use 37 of organelle functions for the temporally-ordered steps of the viral lifecycle requires viral 38 components to both be active at the proper time and targeted to specific subcellular locations. 39
Viral infections depend on organelle function, morphology, and dynamics 40
Viruses rely on organelle functions throughout their cellular lifecycles -entry, 41 replication, assembly, and egress ( Figure 1 ). Despite the large diversity in viral species, viruses 42 meet and must overcome similar challenges, resulting in striking commonalities in the spatial-43 temporal organization of an infection. The interaction with the plasma membrane (PM) seems 44 mostly non-negotiable for mammalian viruses, and viral entry often requires use of secretory 45 organelles (1-4) (Figure 1 , Entry). Enveloped viruses can enter the cell by fusing directly with 46 the PM or, similar to most non-enveloped viruses, by receptor-mediated endocytosis. 47 secretory organelles for maturation and assembly. Picornaviruses, ssRNA viruses, generate 76 replication sites from the trans-Golgi network (TGN) and tend to associate with autophagosomes 77 late in infection (8) (Figure 1, Assembly -lower panel) . Rotaviruses, dsRNA viruses, repurpose 78 lipid droplet components to create dynamic inclusion bodies known as viroplasms, which serve 79 as the initial site of viral genome replication and assembly before release into the ER (3). 80
Despite this established dependence of viruses on organelle function, morphology, and 81 dynamics, many of the mechanisms underlying these extensive organelle remodeling events 82 remain unknown. Here, we highlight advances in microscopy and proteomics methods that have 83 allowed virologists to examine virus-host interactions in unprecedented temporal and spatial 84 detail, as well as emerging techniques that are yet to be applied to viral infection studies. 85
86

Detailed mapping of host and viral proteins by microscopy 87
An increasing number of experimental tools are available to explore the dynamics of cellular 88 proteome organization (Figure 2 ). These technologies are tailored to specific biological questions 89 based on the level of spatial detail provided (e.g., organelle vs. suborganelle resolution) and 90 required depth of analysis (e.g., individual proteins vs. whole organelle proteome). Confocal 91 fluorescence microscopy is one of the most robust and frequently implemented tools for low-92 throughput assessment of viral and host protein localization to specific organelles (Figure 2A) . 93
The co-localization of viral assembly proteins with organelle markers (i.e., proteins acting as 94 markers or organelle-specific fluorescent dyes) has helped discover host organelles associated 95 with viral assembly compartments. Examples of such findings include flavivirus replication at 96 on August 15, 2017 by guest http://jvi.asm.org/ Downloaded from ER-derived membranes (2), picornavirus replication at repurposed TGN membranes (8), and 97 HCMV maturation and envelopment at repurposed Golgi, ER, and endosomal membranes (1). 98
The use of multi-color confocal imaging during time-lapse live microscopy has elevated the 99 ability to investigate dynamic organelle processes during infection. The discovery that 100 pseudorabies virus (PRV) hijacks the constitutive secretion machinery for exocytosis was made 101 possible by imaging fluorescently labeled Rab proteins, involved in vesicle trafficking, and virus 102 labeled with pH-sensitive fluorescent protein (9). 103
Super-resolution microscopy has further expanded localization capabilities, reaching nanometer 104 resolution and allowing spatial definition of viral and host components within suborganelles, 105 such as within sub-mitochondria regions (10) (Figure 2A ). Viral proteins that localize to the 106 mitochondria have been shown to induce mitochondria fragmentation and changes in 107 mitochondria functions to inhibit innate immunity (e.g., Influenza A protein PB1-F2) or 108 apoptosis (e.g., HCMV vMIA), or to upregulate oxidative phosphorylation (e.g., Rabies virus P). 109
Confocal microscopy was used to identify or confirm the location of these proteins to the 110 mitochondria, yet sub-mitochondria localization could not be assessed. In the case of PB1-F2, its 111 localization to the inner mitochondria membrane was determined by a tour-de-force biochemical 112 fractionation of mitochondria membranes (11). More recently, multicolor structured illumination 113 microscopy (MSIM), a type of super-resolution microscopy, revealed with high confidence that 114 vMIA forms 100nm clusters at the outer (versus the inner) mitochondrial membrane (10). 115
Together with the knowledge of vMIA association with host proteins Bax, MAVS, and viperin, 116 these findings suggest the formation of vMIA protein complexes at the outer mitochondria 117 membrane to evade innate immunity and facilitate viral replication (10, 12). Another example of 118 the value of super-resolution microscopy comes from the study of viral replication organelles; 119 on August 15, 2017 by guest http://jvi.asm.org/ Downloaded from the Herker lab implemented three-color 3D direct stochastic optical reconstruction microscopy 120 (dSTORM) to define the spatial organization of HCV replication structures at the periphery of 121 lipid droplets (reviewed in (10)). 122
To further expand protein localization and structural analysis capabilities, hybrid approaches that 123 correlate microscopy methods have been and continue to be developed. Ultrastructural images 124 from electron microscopy were correlated with fluorescent signals from light microscopy to 125 elucidate the structure of herpesviruses budding during nuclear egress (5). The creative effort of 126 several groups has been expanding this technology to correlate super-resolution light and 127 electron microscopy to provide detailed, multi-protein information of virus-host protein 128 interactions within suborganelle nanometer structures (e.g., (13) infections. These subcellular compartments were isolated by density-gradient ultracentrifugation, 218
and their proteins were quantified by MS using spectral counting to determine both changes in 219 abundance and candidate translocations upon infection. In this case, translocations were detected 220 by decreases in the abundance of a protein in one fraction with a simultaneous increase in 221 abundance in another fraction ( Figure 2D ). Their study revealed that MAVS-mediated antiviral 222 signaling restructures the MAM by altering its protein composition, which includes protein 223 translocations (28). Proteomic data from whole cells and subcellular fractions can also be 224 integrated to identify translocations. Weekes et al., for example, induced changes in both whole-cell lysates and at the cell surface using isobaric tags and 226 quantitative MS (29). The decrease in protein cell-surface levels, in conjunction with an increase 227 in whole-cell levels, was used to predict intracellular protein sequestration, as shown for CD155, 228 a host factor known to be translocated by HCMV to evade natural killer cells. 229
As it becomes increasingly evident that viral infections alter concomitantly multiple organelles, a 230 global view of proteome organization is necessary to better understand the virus-host interplay. compartments (16, 17) . These methods use the 234 signature distributions of organelles upon density-gradient centrifugation and analysis of the 235 density fractions by MS. Protein subcellular localization is determined by matching its 236 distribution profile to that of a set of organelle marker proteins. Although some organelles may 237 not be fully resolved due to similarities in their densities (e.g., ER and Golgi vesicles), these 238 methods attempt to model all major subcellular compartments. Thus, in contrast to methods 239 producing discrete fractions, they minimize false assignments from contaminant fractions and 240 provide a full picture of cellular organization. Recently, an extension of these methods ( Figure  241 2E) was used to determine the localization and abundance of host and viral proteins across the 242 HCMV replication cycle (7). A challenge that has to be taken into account in such studies is that 243 infection may trigger alterations of organelle marker distribution, a problem that impacts most 244 approaches that rely on organelle markers for subcellular assignment (e.g., co-localization 245 microscopy). This can complicate the assignment of proteins to discrete organelles during 246 infection. Therefore, the careful selection and validation of markers adequate in the context of 247 infection is an important first step for the success of this approach. The spatial proteomic 248 analysis determined a global spatial reorganization of the cell proteome, illustrated by 249 temporally-regulated changes in abundance and translocation of host proteins, such as the 250 expected MICA (27) and the previously unrecognized MYO18A translocation (7). Additionally, 251 numerous HCMV proteins (nearly 100 proteins out of the ~200 estimated HCMV protein-coding 252 genes) are targeted to organelles, including the mitochondria, Golgi, ER, and lysosomes. Among 253 these were previously uncharacterized viral proteins (e.g., pUL13), which will provide valuable 254 insight into mechanisms of virus-induced organelle remodeling. Evolution in a compartmentalized host has required viruses to localize viral proteins to 266 appropriate compartments and develop strategies to, first, access the host machinery and building 267 blocks necessary for viral particle assembly, and second, regulate host pathways directed by 268 organelles. As tools are developed to assess protein localization with greater detail and scope, the 269 number of host proteins found to be spatially regulated by viruses continues to increase, as well 270 as the array of viruses for which this type of regulation is observed. Proteomic analyses of 271 multiple organelles have begun to describe extensive spatial reorganization of host proteins 272 during infection (7, 25, 26, 28) . Importantly, the viral life cycle is a dynamic process, and 273 characterizing cellular reorganization in both time and space is a key step in painting the full 274 
